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Tiivistelmä  
 
Ilmakehän aerosolihiukkaset ovat ilmassa leijailevia hiukkasia, joiden halkaisija on 1 nanometrin ja 100 
mikrometrin välillä. Hiukkasia joiden halkaisija on pienempi kuin 2,5 mikrometriä kutsutaan pienhiukkasiksi. 
Pienhiukkaset ovat tärkeitä niiden haitallisten terveysvaikutusten, mutta myös niiden ilmastovaikutuksen 
johdosta; ilmakehän pienhiukkaset muokkaavat ilmastoa muun muassa vaikuttamalla pilvien syntyyn, 
elinikään sekä kirkkauteen. Pienhiukkaset toimivat pilvipisaroiden tiivistymisytiminä, ja tämä 
tiivistymisprosessi on riippuvainen niin hiukkasta ympäröivistä oloista kuin hiukkasen fyysisistä ja 
kemiallisista ominaisuuksista. Tämän työn tavoitteena oli kuvata pienhiukkasten pilvipisaran 
muodostamispotentiaalia Budapestissa ja välillisesti laajemmin itäisessä Euroopassa. Mittauskampanjan 
kohteeksi valittiin Budapest osana Helsingin Yliopiston sekä paikallisen Eötvös Loràn Yliopiston yhteistyötä. 
 
Tässä työssä tutkittiin pienhiukkasten hygroskooppisuutta ja haihtuvuutta Unkarin Budapestissa Helsingin 
Yliopiston Hygroscopicity Volatility Tandem Differential Mobility Analyzer -mittalaiteella talvella 2014–
2015. Tutkitut hiukkaskoot olivat halkaisijaltaan 20, 50, 75, 110 ja 145 nanometriä. Hiukkaset altistettiin 90 % 
suhteelliselle ilmankosteudelle sekä 270 °C lämpötilalle. Tutkimuksessa tarkasteltiin käsittelyn vaikutuksia 
hiukkasten koon muutoksiin. 
 
Liikenteellä huomatiin olevan merkittävä vaikutus Budapestin pienhiukkasten ominaisuuksiin. Pienhiukkasten 
havaittiin olevan ulkoisesti sekoittuneita, ja siten koostuvan kahdesta erillisestä moodista. Näistä toinen edusti 
paikallisia, pääasiassa liikenteestä johtuvia päästöjä, ja toinen laajempaa, alueellista pienhiukkastaustaa. 
Paikallisten päästöjen vaikutukset olivat voimakkaimpia pienissä, alle 100 nanometrin, hiukkasissa. Näillä 
hiukkasilla oli myös hyvin matala hygroskooppisuus ja haihtuvuus. Isoimmat, yli 100 nanometrin, hiukkaset 
sitä vastoin koostuivat valtaosin alueellisista taustahiukkasista, ollen voimakkaammin hygroskooppisia ja 
haihtuvia. 
 
Aerosolihiukkasten hygroskooppisuus Budapestissa oli hieman keskiarvoa alempi verrattuna aikaisempiin 
kaupunkialueilla toteutettuihin tutkimuksiin muualla Euroopassa. Keskiarvoa matalampi hygroskooppisuus 
voi johtua sekä alueellisista eroista, että tämän kampanjan mittauspaikan valinnasta. Budapestissa mittaukset 
suoritettiin kaupungin keskusta-alueella, kun valtaosa aikaisemmin toteutetuista, saman tyyppisistä 
tutkimuksista on suoritettu esikaupunkialueilla. Mittauskohteen voimakas liikennemäärän vuorokausivaihtelu 
heijastui myös voimakkaina muutoksina pienhiukkasten haihtuvuudessa ja hygroskooppisuudessa.  
 
Tämän työn tuloksena saatiin tuotettua dataa Budapestin talviajan pienhiukkasten hygroskooppisuus- ja 
haihtuvuusominaisuuksia sekä niiden vuorokausivaihtelua. Kampanjan keston johdosta ei ollut mahdollista 
havainnoida muutoksia vuodenaikojen välillä. Jotta alueen pienhiukkasten hygroskooppisuus- ja 
haihtuvuusominaisuudet voitaisiin kuvata kattavasti, olisi suositeltavaa toteuttaa mittauskampanja myös 
kesäkuukausina täydellisemmän datakokonaisuuden keräämiseksi. 
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Abstract 
 
Atmospheric aerosols are liquid or solid particles suspended in the air. These particles are highly relevant for 
human health as well as the global climate. One of the methods which aerosol particles can affect the climate 
is by acting as seeds for cloud droplet formation, i.e. cloud condensation nuclei. The formation of the cloud 
droplets depends on the ambient conditions, but also on the particle properties. In order to estimate the impact 
of aerosols on the climate, information about the affinity of particles to uptake water is needed. The aim of this 
work was to provide that information from Budapest, and in eastern Europe more generally as a part of 
university cooperation between the University of Helsinki and the local Eötvös Loràn University. 
 
In this work the hygroscopic and volatile properties of urban atmospheric aerosols was measured in the city 
center of Budapest, Hungary, using a Hygroscopicity Volatility Tandem Differential Mobility Analyzer. The 
studied particle sizes were 20, 50, 75, 110 and 145 nm particles and the hygroscopicity and volatility was 
determined at 90 % RH and 270 °C, respectively. The measurement campaign took place in the winter of 
2014-2015.  
 
The atmospheric aerosols at Budapest were found to be strongly influenced by local emission sources, most 
notably by traffic. The aerosol particles were highly externally mixed, and thus separated into two different 
types. The first type represented the local emissions and this was found to match the traffic pattern well. These 
particles were more prevalent in the smaller, sub 100 nm, particle size range, and showed only little 
hygroscopic or volatile properties. The second type was the regional particles, which were found to be more 
hygroscopic and more volatile. These particles conversely the dominant mode in the larger, plus 100 nm, 
particle size range. 
 
The overall aerosol hygroscopicity was found to be slightly lower at Budapest than at previous urban studies 
across Europe. This might be explained by the aerosol properties at Budapest differing from those in central 
Europe, but also by the measurement site of this campaign. The measurement site here was located in the city 
center rather than in the suburban areas as in most similar studies. The location was also reflected in the strong 
diurnal variation in the particle hygroscopicity and volatility, as there was also strong variation in the traffic 
density. 
 
This work succeeded in describing the wintertime conditions of hygroscopicity and volatility in Budapest. The 
results, tough describe only two months of wintertime conditions. In order to know the annual variation, 
and to describe the conditions more accurately, further measurements are suggested in the form of a campaign 
in the summer months. 
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1. Introduction 
 
Aerosols are solid or liquid particles suspended in air. (Hinds, 1999). Natural processes, such 
as the actions of waves or condensation of natural organics vapors produce the majority of 
the atmospheric particles (Boucher et al., 2013). While the anthropogenic contribution is 
smaller, it is still important, especially due to the fact that the emissions are usually highly 
localized, creating problems where they occur (Boucher et al., 2013). Processes like 
combustion produce large amount of particles that, not only impact the climate, but also our 
health. (Seinfeld and Pandis, 2006). 
Typical particle concentrations vary from a few hundred particles per cubic centimeter in the 
cleanest remote wilderness areas to a few hundred thousand particles per cubic centimeter in 
the polluted megacities, with the peak concentration in traffic plumes being even higher 
(Spracklen et al., 2010). The typical urban air has some thousands of particles per cubic 
centimeter, while indoor air has typically around one to two thousand particles per cubic 
centimeter. (Seinfeld and Pandis, 2006). 
Aerosol particles have been exhaustively connected to respiratory and cardiovascular 
problems (Dockery et al., 1993, Brunekreef and Holgate, 2002, Kampa and Castanas, 2008). 
Aerosol particles are absorbed through the respiratory system, and depending on the particle 
size and shape they can even penetrate the lung walls and enter the bloodstream. On average, 
particle pollution lowers life expectancy by 8.6 months in Europe, while in urban areas the 
impact can be considerably larger, up to 3 years. The situation is even worse in some polluted 
megacities, as well as in rural areas of some developing countries where people are exposed 
to very high particle concentration due to insufficient ventilation during cooking. (Seinfeld 
and Pandis, 2006; WHO, 2012). 
Besides health effects, aerosol have significant climatic impact through their direct and 
indirect effects (Boucher et al., 2013). The direct effects include the scattering and adsorption 
of incoming sunlight, while the indirect effects cover the interaction between aerosol particles 
and cloud properties. Aerosol particles influence the climatic effects of clouds such as cloud 
brightness and cloud lifetime, by acting as the cloud nuclei (Towmey, 1977; Stevens and 
Feingold, 2009.). The climatic impact of aerosols is short-lived, unlike gaseous pollutants like 
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CO2 or methane, with the average lifetime of a single aerosol particle ranging from days to 
weeks. (Boucher et al., 2013; Seinfeld and Pandis, 2006). 
Aerosols play an important role in almost all climatic processes. Currently, the IPCC 
estimates that the biggest uncertainty in the radiative forcing is due to the effects of aerosols 
(Boucher et al., 2013). In order to further our understanding, we need more information on 
the properties and mechanisms affecting the aerosol-cloud interactions. One of these 
properties is the aerosols hygroscopicity, which describes the effectiveness with which 
aerosol particles take up water. The particle hygroscopicity is dependent on the on the 
particle size, and composition (Andreae and Rosenfeld, 2008). This is also a measure of the 
likelihood of a particle to act as a cloud condensation nucleus at given conditions.  
Knowledge of aerosol hygroscopicity from different location and conditions in turn can be 
used to better understand cloud processes and climatic variability (Carslaw et al., 2010). 
Therefore, more data from diverse locations are needed. This study contributes to just that, by 
describing the hygroscopic properties of aerosols from urban Eastern Europe, a region that 
thus far has had no online H-TDMA measurement to the authors’ knowledge. 
 
2. Theory 
 
2.1. Aerosol sources 
 
Aerosol particles are formed by both natural and anthropogenic processes. The aerosols can 
also be divided into primary and secondary aerosol, depending on the method by which they 
were formed. Primary particles are particles that are emitted directly in the particle form, 
while secondary particles are particles that are emitted in gaseous form, and condense to form 
new particles in the atmosphere (Hinds, 1999, Colbeck & Lazaridis, 2014).  
In nature, primary particles are produced by mechanical processes, such as resuspension of 
soil particles or by waves producing sea salt particles from the oceans. Natural secondary 
particles are the result of biological processes that produce condensable vapors that form new 
particles in the atmosphere. Generally, these particles are considered to be less harmful, than 
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the often combustion based particles produced by anthropogenic activities. (Boucher et al., 
2013, Seinfeld and Pandis, 2006). 
Anthropogenic aerosols are formed due to most human activities, with energy production, 
industrial activities and traffic being some of the biggest sources. Although the natural 
aerosol production is considerably larger than the anthropogenic production, in urban areas, 
due to the high concentration of pollution sources, the anthropogenic emissions are dominant 
(Boucher et al., 2013). The largest source, particle number vise, are the different combustion 
processes, most importantly traffic. Besides primary pollutants, traffic also produces gaseous 
pollutants, which often contribute to secondary particle formation via gas to particle 
conversion. The gaseous traffic pollutants have also been shown to induce growth of already 
existing particles, via condensational growth (Hinds, 1999; Kerminen et al., 2006). 
 
2.2. Aerosol properties 
 
Aerosol particles can have widely different chemical and physical properties, leading to 
widely different behaviors and climatic impacts. Factors such as particle size, shape, surface 
area, density and chemical composition, among others, affects how the particles interact with 
their environment. Beyond the individual particle properties, the same particles can interact 
differently depending on the total concentration and the shape of the particle size distribution. 
(Hinds, 1999). 
Typically, aerosols are described using properties such as the mass, number, volume or 
surface area concentration. These properties yield very different information about the 
aerosol population. The largest particles impact primarily the mass and volume concentration, 
without affecting the number concentration virtually at all. The inverse is true for the smallest 
particles, which mostly influence the number concentration, and not the surface area or the 
mass concentrations. The surface area is then affected most by particles somewhere in 
between the extremes, as shown in Figure 1 depicting an idealized aerosol population (Hinds, 
1999, Seinfeld & Pandis, 2006). 
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Figure 1. Idealized particle size distribution showing the differences between particle number and 
volume distributions. 
As show in Figure 1, the aerosol population is often dived into a number of distinct log-
normal modes. These modes form naturally due to atmospheric processes, and hence the 
upper and lower limits of the different modes are not strictly defined. As these modes have 
been determined through empirical observations, the definitions vary slightly according to 
different sources, in general, roughly the following modes and particles size ranges are used: 
Table 1. Particle modes and size ranges typical to the literature, and as used in this thesis. 
Modes Cluster mode, 0.5 - 3 nm 
 Nucleation mode, 3 - 20 nm 
 Aitken mode, 20 - 100 nm 
 Accumulation mode, 100 – 1 000 nm 
 Coarse mode, > 2 500 nm 
    
Size ranges Ultrafine particles, 1 - 100 nm 
 Fine particles, 1 000 – 2 500 nm 
 Coarse particles, > 2 500 nm 
 
The lower limit of particle size, those particles considerably smaller than 1 nm, are typically 
not considered particles, but rather molecular clusters. The upper limit comes from the 
definition of aerosols, which requires that particles are suspended in gas, meaning that gravity 
is negligible or almost negligible. Generally, for particle diameters much larger than 100 µm, 
this condition is not fulfilled, but the as with the lower limit, the upper limit has some 
flexibility. (Hinds, 1999, Seinfeld & Pandis, 2006). 
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Particle size is an important aerosol property, as it affects many of the interactions between 
aerosol particles and their environment, such as the scattering of light from the particles as 
well as vapor condensation and evaporation from and to the particles. Size is also important 
in impacting the potential health hazards of different particles by affecting how far in the 
respiratory tract the particles can penetrate. (Hinds, 1999, Colbeck & Lazaridis, 2014). 
Besides the size, the chemical composition of particles has a very significant impact on their 
behavior. For instance, sea salt particles are not necessarily harmful for health, while they do 
take up water effectively and therefore interact strongly with cloud nuclei processes; 
conversely, fresh black carbon particles absorb only little water, but are dangerous for your 
health. Therefore, it is important to be able to characterize the aerosols composition in order 
to understand the interactions. (WHO, 2012, Liu et al., 2013). 
Typical constituents of aerosol particles are different crustal materials, water, sea salt, 
nitrates, sulfates, ammonium and organic compounds, to name a few. The composition of 
aerosol particles is also often size dependent, due to different formation processes. Large 
primary particles are mostly made up of crustal materials, sea salt or biogenic materials, such 
as pollen or bacteria. Fine and ultrafine particles are more often the result of secondary 
atmospheric particle formation or combustion processes. (Seinfeld and Pandis, 2006). 
One property that is affect by both the chemical composition and the particle size is the 
particle hygroscopicity. It is a measure of how effectively a particle will uptake water, and 
whether the particle will grow under a given relative humidity. Particle growth is an 
important phenomenon due to the fact that, besides composition, the optical properties of 
aerosols are dependent on the particle size. The optical properties are directly related to a 
particles ability to backscatter sunlight and influence the global radiation balance. The 
particle hygroscopicity also affects the likelihood of particles to act as cloud condensation 
nuclei, and thus gives clues about its potential for indirect climatic effects. (Boucher et al., 
2013, Colbeck & Lazaridis, 2014). 
 
2.3. Particle growth and condensation 
 
The overall physical processes governing particle growth in the atmosphere are condensation, 
coagulation and agglomeration. Coagulation and agglomeration are both processes whereby 
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existing particles collide and stick together forming a larger combined particle. These 
processes thus also lower the particle number concentration, while increasing the average size 
of the particles. (Colbeck & Lazaridis, 2014). 
 
Condensation is the most important of these processes for particle growth in the atmosphere. 
In condensation, vapor molecules condense on the particle, thus adding to the particle size 
without altering the particle number concentration. Typically, there is a complex mixture of 
different vapors condensing on atmospheric particles. These organic vapors are highly 
important for new particle formation processes and the growth of ultrafine particles. For 
cloud droplet activation, the most important of these is water vapor, which I shall focus on in 
this thesis. (Hinds, 1999, Colbeck & Lazaridis et al., 2014). 
Condensation occurs when the partial pressure of a vapor is larger than the vapor pressure on 
a given surface. When considering aerosol growth, the surface is the aerosol particle. The 
system of the surface and the vapor will always seek equilibrium, and thus is the environment 
or the surface changes, this will cause a change in the condensation process. In equilibrium 
conditions when the particles exhibit no growth, there exist a balance between the surface 
pressure and the partial pressure of the vapor, i.e. equally many molecules of the substance 
are evaporated as condense on the surface at any given moment (Hinds, 1999). 
In practice, the partial pressure of water vapor is described using the relative humidity (RH): 
 
𝑅𝐻 =
𝑝𝐻2𝑂
𝑝𝐻2𝑂𝑠𝑎𝑡(𝑇)
∗ 100% 
Where pH2O is the absolute pressure of water vapor, pH2Osat is the temperature dependent 
saturation vapor pressure of water vapor. Another way of expressing the amount of water 
vapor is using the saturation ratio, which simply is the ratio of the partial pressure to the 
saturation vapor pressure. S = pH2O/pH2Osat. 
Besides relative humidity, the rate at which water vapor starts condensing on the particles is 
dependent on the particle size and chemistry, these factors are described by the Kelvin effect 
and Raoult’s law, respectively. These two effects combined form the basis of the Köhler 
theory, which describes the condition for particles hygroscopic growth and final activation in 
to cloud droplets. (Seinfeld and Pandis, 2006). 
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2.4. Kelvin effect 
 
The saturation vapor pressure is a quantity which tells the pressure at which a substances 
liquid and vapor phases are is equilibrium in closed system, meaning at which pressure equal 
number of molecules enter and exit the liquid phase. Vapor pressure is by definition 
described over a flat surface. For aerosol particles, this assumption is not always valid. When 
the particles get smaller, the curvature of the particle surface increases, and eventually this 
will start to have an effect on the vapor pressure. This impact of the curvature is described by 
the Kelvin effect, and it becomes relevant when particles reach size ranges around 100 nm. 
(Hinds, 1999). 
The smaller the particle, the higher the curvature of the particle surface, and thus lower the 
intermolecular forces creating the surface tension. This means, that a larger fraction of 
molecules will have sufficient energy to overcome the reduced surface tension, and thus there 
is an increased flux of molecules compared to a flat surface. This will result in the surface 
having a higher vapor pressure and thus higher evaporation rate from the particle. This leads 
to a situation, where the particle size can affect if the particle will grow, stay as it is or 
evaporate in a given relative humidity. (Seinfeld and Pandis, 2006). 
𝑝𝐴 = 𝑝𝐴° exp (
4𝜎𝑀
𝜌𝑅𝑇𝐷𝑝
) 
Where pA is the vapor pressure of the curved surface, pA° is the vapor pressure over a flat 
surface, σ is the surface tension, M is the molecular weight of the compound, ρ density of the 
substance. 
The equilibrium point for each particle size is called the Kelvin ratio. Particles below their 
Kelvin ratio will evaporate, and particles above will continue growing indefinitely. This 
situation, however, only applies for pure substances, and is strongly influenced by the 
presence of impurities in the particle; in ambient conditions, this is virtually always the case. 
(Hinds, 1999). 
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2.5. Raoult’s law 
 
The Raoult’s law describes the impact of impurities in the particle, via their impact on the 
vapor pressure. The law states that the partial vapor pressure of each component in the 
mixture is the same as the vapor pressure of the pure substance multiplied with the molar 
fraction of the substance. The law assumes ideal mixing, meaning that the different molecules 
in the mixture interact similarly with all molecules present. For each component, the Raoult’s 
law states that the partial pressure is: 
𝑝𝑖 = 𝑝𝑖°𝑥𝑖 
Where pi is the partial pressure of component i, pi° is the vapor pressure of the pure substance 
and xi is the mole fraction of the component i in the mixture (Seinfeld and Pandis, 2006). 
The more dilute the solution, the more valid the assumption as most molecules are of only 
one type. The non-ideality can also be addressed by adding a parameter describing the water 
activity into the calculation. In practice the Raoult’s law shows that mixed particles of a 
solute and water have a lowered vapor pressure compared to that of pure water. (Seinfeld and 
Pandis, 2006). 
 
2.6. Köhler theory 
 
Together the Raoult’s law and the Kelvin effect form the basis for the Köhler equation that 
describes the combined effect of these partially opposite effects. The Köhler equation 
describes the equilibrium saturation ratio for a particle of a given size and composition. The 
first part of the equation describes the Raoult’s law and the latter, the exponential part, 
describes the Kelvin effect. It can also be used to produce the Köhler curve, which shows the 
saturation ratio as a function of equilibrium particle size. Furthermore, one can get the critical 
saturation point from the equation, which is a point after which the particle will start growing 
even at a lower saturation ratio, and is thus activated into a cloud droplet.  
𝑆 = (1 +
6𝑖𝑚𝑀𝑤
𝑀𝑠𝜌𝜋𝐷𝑝
3)
−1
exp (
4𝜎𝑀𝑤
𝜌𝑅𝑇𝐷𝑝
) 
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Where the S, is the saturation ratio, i is the number of ions each molecule dissolves into, m 
mass of the dissolved solute, Mw and Ms are the molecular weight of water and solute 
respectively, ρ is the density of the solvent, σ is the surface tension of the solution. (Hinds, 
1999).  
Figure 2. show the typical Köhler curve calculated for a 50 nm ammonium sulfate particle. 
The maxima of the Köhler curve indicates the activation point for cloud condensation nuclei. 
If the critical saturation point is not reached and the saturation ratio decreases, the particles 
will find equilibrium somewhere below the activation point. 
 
Figure 2. Example of a Köhler curve, calculated for dry 50 nm pure Ammonium Sulfate particle. It 
can be read from the figure, that 50 nm AS particles will activate to cloud nuclei at saturation ratio of 
1.004 corresponding to a 0.4 % supersaturation.  
 
2.7. κ-Köhler theory 
 
In order to apply the Köhler theory, one would need to know the size and composition of the 
particles which it is applied to. The particle size can be measured effectively, but the exact 
real-time chemical composition analysis, which would be required to solve the theoretical 
impact of the Raoult effect, is less straightforward. Thus, a need for a simpler presentation of 
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the particles chemistry arises. One such simplification, that has been widely adopted, is the κ-
Köhler theory (Petters and Kreidenweis, 2007).  
The κ-Köhler theory was introduced by Petters and Kreidenweis in 2007, as a first single 
value parametrization of hygroscopicity. The κ-Köhler theory is based on the traditional 
Köhler theory, but it introduces an additional factor, κ, describing component specific 
hygroscopicity, by adjusting the water activity. In the κ -Köhler theory, the traditional Köhler 
equation is given in a modified form as: 
 
𝑆 = 𝑎𝑤 exp (
4𝜎𝑠/𝑎/𝑀𝑤
𝜌𝑤𝑅𝑇𝐷𝑝
) 
Where aw is the water activity, σs/a is the surface tension on the particle/air surface, and the ρw 
is the density of water. The κ-Köhler theory is used to indicate the hygroscopicity of different 
compounds, by simplifying the impact of the solute effect i.e. Raoult’s law into a single 
hygroscopicity term. The hygroscopicity term, κ, is expressed through the water activity, aw 
as: 
 
1
𝑎𝑤
= 1 + 𝜅
𝑉𝑠
𝑉𝑤
 
The κ-Köhler theory has the benefit that it takes into account the Kelvin effect, meaning that 
the κ-parameter should be irrespective of the relative humidity or particle size, and only the 
composition of the particle should matter. (Petters and Kreidenweis, 2007). 
The κ-Köhler theory assumes Zdanovskii-Stokes-Robinson (ZSR)-assumption to hold, which 
means that the individual components within the particle each have an impact directly 
proportional to their volume fraction (Zdanovskii, 1948, Stokes and Robinson, 1966). In 
theory, the κ values are unique to each compound, and their sum should be descriptive for the 
system as a whole. 
𝜅 =  ∑ 𝜀𝑖𝜅𝑖
𝑖
 
This assumption enables further deductions concerning the composition of the particles, 
meaning that the total observed κ can be broken down to its components, which should be 
representative of the different components in the aerosol. (Petters and Kreidenweis, 2007). 
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κ-Köhler theory has the additional benefit, that κ-values can be derived using both 
Hygroscopic Tandem Differential Mobility Analyzer (H-TDMA) and Cloud Condensation 
Nucleus Counters (CCNC), so it can be derived from both sub- or supersaturated conditions. 
The parametrization works fairly well irrespective of the method it was derived, although 
some studies have found disagreements between the two methods, depending on the particle 
size and composition. (Petters and Kreidenweis, 2007; Dusek et al, 2011; Irwin et al., 2011; 
Good et al. 2010, Pajunoja et al., 2015). 
Using an H-TDMA system, the κ is determined by measuring the particle growth factors 
(GF) in well-defined conditions, which enables then calculations of the corresponding κ 
values. 
𝜅 =
(𝐺𝐹3 − 1 )(1 − 𝑎𝑤)
𝑎𝑤
 
Where aw is given as: 
𝑎𝑤 =
𝑅𝐻
exp (
4𝜎𝑀𝑤
𝜌𝑤𝑅𝑇𝐷𝑑𝐺𝐹
)
 
Here, Dd is the dry diameter of the particles. As mentioned before, the κ parameter has been 
widely adopted, and this is largely due to its simplicity, which enables its easy use in 
calculations and modelling. However, the theory is based on a set of assumptions, which do 
not apply in all conditions. Despite the usefulness of the κ-parameter, it should not be viewed 
as real physical parameter, but rather as and useful indicator, that might be prone to error 
(Good et al., 2010b, Kristensen et al., 2014). 
 
2.8. Hygroscopicity and the GF 
 
Particle growth is most often described with the particle growth factor (GF). For instance, 
based on the Köhler theory, the Figure 2. tells us that at S = 0.985 the originally 50 nm dry 
ammonium sulfate particle has grown to a diameter of 100 nm, corresponding to a growth 
factor of 2. GF is simply defined as the change in the ratio of the particles diameter, as 
follows: 
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𝐺𝐹 =
𝐷𝑝,1 
𝐷𝑝,0 
 
Where Dp,1 is the new particle diameter, and Dp,0 is the original, dry particle diameter. The 
growth factor thus can also be used for processes where the particle diameter shrinks, 
yielding GF’s smaller than unity. The particle growth or shrinkage is, however, dependent on 
the particle size and chemistry and the environment which it is in.  
In an idealized case of homogenous particles receiving identical treatment, all the sampled 
particles would respond identically to the given treatment. However, this often is not the case 
in real life, but due to slight differences in the composition and the shape of the particles, 
only a given fraction of the particles might react to the treatment. Furthermore, often the 
particles that react, do not all react equally, and therefore the measurements yield a growth 
factor distribution instead of a single growth factor. 
The growth factor distribution reflects the chemical composition of the aerosol as different 
compounds typically have different hygroscopic properties, e.g. ammonium sulfate displays 
GFs around 1.7 at 90 % RH (Duplissy et al., 2009). Although pure compounds often have 
compound specific GFs, the growth factor distribution does not yield exact information about 
the composition of the aerosols, as particles are virtually always mixtures of multiple 
compounds. For fully homogenous aerosol, the GF-distribution is a single peak, while if the 
composition is externally mixed with different components present, this will be reflected as 
multiple peaks in the resulting GF distribution. For these external mixtures, simply reporting 
the average GF of the distribution often loses a lot of information, and might occasionally 
even severely misrepresent the actual conditions.  
 
2.9. Literary review 
 
While the concept of TDMA measurements is not new, dating back to Liu et al. (1978), until 
recently the field of H-TDMA measurements has still been taking shape. In the past decade, 
there has been considerable progress done with unifying and harmonizing the field of 
H-TDMA measurements. These include intercomparison studies of H-TDMA instruments, 
and recommendations based on these by Duplissy et al. (2009) and by Massling et al. (2011). 
Both studies featured six custom build H-TDMAs (10 different instruments in total), and 
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gave suggestions on best practices. For data analysis, the TDMAinv analysis tool, by Gysel et 
al. (2009) has further brought uniformity for the data analysis process, and in part improved 
the data quality. 
Other important steps include the extensive review paper by Swietlicki et al. (2008), 
summarizing the results of the past 25 years of H-TDMA measurements, as well as the paper 
by Fors et al. (2011) which provided the longest time series of H-TDMA measurements thus 
far, spanning a total of two years. Fors et al, describe the hygroscopic properties of rural 
conditions in southern Sweden, which are not directly applicable to the work here, but they 
do provide interesting data on the annual variations in aerosol hygroscopicity. 
On the theoretical side, the κ-theory, describing aerosol hygroscopicity, by Petters and 
Kreidenweis (2007), has brought a fairly widely adopted method for reporting the results of 
H-TDMA measurement that allows for better comparison of results.  
It would appear that the largest remaining challenges in the field relate to the relatively small 
amounts of data currently available. Most of the available data are from measurement 
campaigns, and from a relatively small geographical area in Europe, Northern America and 
China, although there are some exceptions such as campaigns done in Indonesia and 
Amazon. The next important step in the field is to provide more data from various locations. 
This is also the aim of this work, which provides H-TDMA data from Eastern Europe, a 
region that to the author’s knowledge is not covered by any H-TDMA measurement 
campaign thus far. Budapest was chosen as the specific site as a part of University of 
Helsinki exchange program with the Eötvös Loránd University. 
 
3. Methodology 
 
The data was collected using a Volatility/Hygroscopic-TDMA (V/H-TDMA) instrument 
(Hakala, et al. 2015), a device for studying the hygroscopic and volatility properties of 
aerosols. The V/H-TDMA, is an advanced version of the traditional TDMA systems. The 
principle behind all TDMA-systems is to select a single particle size, expose those particles 
to a treatment, and to observe the impact of the treatment on the aerosol. Here the treatments 
were humidification and high temperature, most often resulting in particle growth and 
shrinkage respectively. 
14 
 
The V/H-TDMA system is basically a powerful combination of basic aerosol tools and 
instruments combines into a single instrument. I will first introduce these components, and 
their functioning, before moving on to introduce the V/H-TDMA system in depth and 
explaining how it was operated in this study. 
 
3.1. Particle counting 
 
Often regarded as the first real aerosol instrument was John Aitken’s “dust counter” (Aitken, 
1892), which was an instrument, where, by means of condensing water on to atmospheric 
particles, the particles could be grown to visible size, photographed, and subsequently 
counted. To this day, particle counting is largely based on the same fundamental idea of 
growing particles via condensation and subsequent optical counting (Hinds, 1999). The 
modern counterpart of John Aitkens dust counter is the condensation nuclei counter, more 
commonly referred as the Condensation Particle Counter (CPC), a trade name of TSI 
(McMurry, 2000).  
In the modern CPC, the sampled air is passed through a heated compartment with a porous 
wick saturated with butanol. This will quickly also saturate the sample air with butanol vapor. 
The sample is then led to the condenser, a portion of the instrument cooled to a few degrees 
centigrade below the saturator temperature. As the sample air cools, the saturation vapor 
pressure of the butanol drops dramatically, resulting in supersaturation of butanol up to a few 
hundred percent. Hence, the butanol will quickly condense on any available surface, most 
importantly on the particles. This condensation causes the particles to grow up to few 
micrometers, making them optically detectable. (McMurry, 2000, Kulkarni et al., 2011). 
After the condenser, the particles are counted in the optical detection unit. The optical 
detection works by shooting a very narrow, constant laser beam just after the condenser unit. 
The grown particles will thus have to pass the laser beam, and as they do so, they cause the 
light to diffract. This can be detected with a photometer, and thus the passing of individual 
particles can be counted up to few hundred thousand particles per cubic centimeter. (Kulkarni 
et al., 2011). In this study, we used two CPC’s, both by TSI. The models used were 3010 and 
3072.  
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3.2. Particle size selection 
 
Another vital instrument for modern aerosol science is the Differential Mobility Analyzer 
(DMA), originally proposed by Hewitt (1957) and later improved upon by Liu and Pui (1974) 
and by Knutson and Whitby (1975). The DMA is a device aimed for selecting only single-
sized particles, based on their electrical mobility. While in reality this is not fully achieved, a 
sharp distribution of particles around the selected size is produced. (Kulkarni et al., 2011). 
In the DMA used here, the sampled particles travel along a radial tube in a particle-free 
sheath flow. In the tube, there is an electric field, perpendicular to the flow. The particles 
enter the tube through a narrow inlet slot at the top, and travel to a narrow outlet slot at the 
bottom. Depending on the electrical equivalent mobility diameter (a proxy for particle size) 
of the particles, the particles will either get deposited on the tube, or can pass through the 
DMA.  
In order for electrical mobility separation to work, all of the particles need to have an electric 
charge. This is achieved by charging the particles in the neutralizer, which is a device for 
producing a known charge distribution in the aerosol. The neutralizer is typically a 
radioactive source that emits ionizing radiation. This constant radioactive emission produces 
a charge balance in the particles, where a known fraction of the particles carries an electric 
charge with a known polarity. (Kulkarni et al., 2011). 
In the DMA, the particles are separated according to their electrical equivalent mobility 
diameter. This means that the aerosol particles are charged, and passed through and electrical 
field. In the electrical field, the particle finds a terminal settling velocity that is the 
equilibrium point of the drag force and the electrical force on the particle. The ratio of 
electrostatic terminal velocity and the electric field strength is called the electrical mobility, 
and it is defined as 
𝑍 =  
 𝑉𝑇𝐸
𝐸
=
𝑛𝑒𝐶𝑐
3𝜋𝜂𝐷𝑝
, 
where n is the number of charges on a particle, e is the elementary charge, E is the strength of 
the electric field, Cc is the Cunningham correction factor, η is the dynamic viscosity, and Dp 
is the particle diameter. From the equation, it is clear that as the particle size increases, the 
electrostatic terminal velocity decreases, meaning that the larger particles will travel further 
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before hitting the central electrode. By adjusting the voltage, i.e. the field strength, the 
velocity of the different particle sizes can be adjusted, so as to hit the narrow measurement 
slot. The voltage control is in fact the method by which the DMA selects the different particle 
sizes. (Kulkarni et al., 2011). 
The resolution of the size selection is affected by the DMA’s geometry and the flows in the 
DMA. The ratio of the sheath flow to the sample flow is crucial in achieving a good 
separation. The electrical mobility range is, besides the flows, dependent on the characteristic 
mobility, Z*, defined as: 
 
𝑍∗ =
(𝑄𝑠ℎ𝑒𝑎𝑡ℎ + 𝑄𝑒𝑥𝑐𝑒𝑠𝑠) ln (
𝑅2
𝑅1
)
4𝜋𝑈𝑙
 
where Qsheath is the volume flow of the sheath air in, Qexcess is the aerosol sheath volume flow 
out, R2 is the outer radius of the DMA flow region, R1 is the inner radius of the DMA flow 
region, U is the voltage at the central electrode and l is the length of the DMA. (Kulkarni et 
al., 2011). 
The mobility range is then given by: 
∆𝑍 = 𝑍∗𝛽 =  𝑍∗  
𝑄𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑄𝑜𝑢𝑡
𝑄𝑠ℎ𝑒𝑎𝑡ℎ + 𝑄𝑒𝑥𝑐𝑒𝑠𝑠
 
where Qout is the sample flow out of the DMA, and Qsample is the volume flow of sample in. 
Thus, keeping a high sheath to sample flow ratio will lead to a smaller mobility range and a 
higher resolution. By changing the voltage in the DMA, different particle sizes can be 
selected. All of this relies on the condition that the flow in the DMA is laminar, which is 
made possible by having a large laminar sheath flow, into which the sample aerosol is added. 
(Kulkarni et al., 2011). 
 
3.3. Particle size distribution measurement 
 
The DMA and the CPC can be combined into one instrument which selects a nearly unimodal 
particle size and measures their concentration and repeats these steps over a given size range, 
yielding thus a particle size distribution. These instruments are called either a Scanning 
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Mobility Particle Sizer (SMPS) or a Differential Mobility Particle Sizer (DMPS), depending 
on the mode of operation (scanning vs. stepwise operation, respectively). (Kulkarni et al., 
2011). 
In order to produce an accurate size distribution, the fact that the neutralizer causes some of 
the particles to have multiple charges must be taken into account. The particles that carry a 
double charge, and have twice as big aerodynamic diameter as the selected size, have nearly 
identical electrical mobility as the intended singly charged particle of the selected size. By 
knowing the charge distribution, the impact of the doubly charged particles can be taken into 
account, and be corrected for by an inversion algorithm. The data inversion is automatically 
done in the modern measurement software. (Kulkarni et al., 2011). 
 
3.4. Growth factor measurements and the TDMA 
 
Another combination of the previously introduced instruments is the Tandem Differential 
Mobility Analyzer or the TDMA. The TDMA is an instrument for studying the composition 
of aerosol particles, based on their response to different treatments. Typical treatments 
associated with the TDMA are humidification and volatilization of the aerosol particles.  
In the TDMA, a single particle size is selected, which is subsequently exposed to a given 
treatment. After the treatment, a particle size distribution around the original selected size is 
scanned by a DMPS or SMPS, and the change in the aerosols size is observed. From the 
potentially resulting change, information concerning the particle composition can be inferred. 
The changes due to the treatment are commonly represented using the previously introduced 
term growth factor. (Kulkarni et al., 2011). 
In this campaign we studied the particle hygroscopicity and volatility, i.e. their ability to 
uptake water and their tendency to evaporate under high temperature. Figure 3. illustrates the 
schematics of the V/H-TDMA used here. 
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Figure 3. Layout of the VH-TDMA used for this study. 
As Figure 3 illustrates, the measurement cycle begins with introducing the aerosol sample 
into the neutralizer. The neutralizer charges the particles, and thus enables the size 
classifications in the DMAs. The neutralizer used here was a Carbon-14 based neutralizer, 
emitting electrons resulting from beta decay of C-14. 
As the aerosol enters the first DMA, it is mixed with the dry sheath air in the first sheath air 
loop. The sample flow rate was 2 lpm, and the sheath flow was 20 lpm producing the 
recommended 1/10 – ratio between flows (Duplissy et al. 2009). The sheath air was 
circulated in a closed loop; the air in the loop was filtered and passed through a flow meter, 
before entering the corresponding DMA. The humidity was also continuously measured in 
the sheath loops, of the DMAs to ensure data quality. 
The first DMA was used to select five dry particle sizes. Here we selected 20, 50, 75, 110, 
145 nm, while the recommended EUSAAR sizes are 35, 50, 75, 110, 165 and/or 265 nm 
(Duplissy et al. 2009). The decision to deviate from the recommendations was made for the 
20 nm size due to interest regarding the new particle formation process, and for the largest 
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size due to the fact that our instrument was unable to measure the growth of particles larger 
than 145 nm. Three-minute scan times for each size were used, with 30 seconds idling 
between the scans, to ensure that no particles of the previous size were still present in the 
tubing. 
After the size selection by the first DMA, the aerosol was divided into two separate flows, 
one to undergo volatility treatment in the thermal denuder, and one for the hygroscopicity 
measurement. The VH-TDMA was built so that both could be bypassed if needed, or it could 
be operated in the so called VH-mode, where the particles undergo both the volatility and 
then the high humidity treatment in the stated order. This option was not however used in this 
study, in order to keep the time resolution of the measurement as high as possible. 
The volatility was measured by passing the aerosol through the thermal denuder, operated at 
270±10 °C. At this temperature, the organic compounds, as well as any ammonium sulfate, in 
the particles should evaporate. Of the major aerosol components, only sodium chloride, black 
carbon and mineral compounds should be present in the particle phase after the thermal 
treatment. This model of the thermodenuder does not have an additional vapor absorbent, but 
it is assumed that the condensation sink of the tube walls is large enough compared to the 
particles that no significant back condensation will occur. After the thermal treatment, the 
resulting size distribution was measured by a second DMA and CPC. A short Hauke type 
DMA was used for the volatility measurements, alongside a TSI 3010 CPC. 
For measuring hygroscopic growth, the particles were exposed to 90±2 % relative humidity. 
In order to avoid condensation in any other part of the instrument, the humidified DMA was 
always operated few degrees centigrade below room temperature. As the temperature in the 
measurement platform varied up to ± 1.5 °C per day, the EUSAAR recommendation of 90 % 
relative humidity could not be maintained for the entire duration of the campaign (Duplissy et 
al., 2009). 
The humidity was controlled by passing the sample through a heated water bath protected by 
a piece of heated Gore-Tex tubing. The warmer the water surrounding the tube, the more 
water vapor is absorbed to the aerosol flow. The water heater was controlled by a 
proportional-integral-derivative (PID) controller, based on the relative humidity measured 
from the sample flow entering the humidified DMA. The hygroscopicity measurements were 
performed on a long Hauke type DMA, and the CPC used was a TSI, model 3772 with the 
automatic water removal functionality. 
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For this campaign, a silica-gel drier was used. This required occasional changing of the silica-
gel, which resulted in a day’s stoppage in the measurement, as the instrument needed to be 
stopped and re-humidified, which is an extremely slow a process. The sample air was at all 
times dried below 20 % RH. After the drier, the aerosol was charged using a C-14 neutralizer 
before passing it on to the first DMA and size selection. 
 
3.5. Measurement campaign and location 
 
The measurement campaign took place in Budapest at the Eötvös Loránd University. The 
measurements were performed during the winter of 2014-2015, starting from the 9th of 
December and ending on the 9th of February. The V/H-TDMA was installed on the Budapest 
platform for Aerosol Research and Training (Bp-Art) measurement platform, located on the 
university balcony next to the Danube River in the center of Budapest, at an elevation of 
roughly 10 meters (47°28’29” N, 19°03’43” E, 115 m above mean sea level). More detailed 
description of the measurement location can be found in Salma et al, 2011. 
The prevailing winds in Budapest are from the North-west, and the measurement platform 
itself is affected by the wind alley over the river (Salma et al., 2011). The city center is 
located north of the University, although the surrounding area are in general urban areas all 
around. The areas south of the University have additionally industrial areas, with numerous 
large factories and other heavy industry, as shown in Figure 4. 
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Figure 4. Map of Budapest with the red arrow showing the location of the measurement container 
used in the study. © OpenStreetMap contributors (OSM, 2015) 
There are numerous busy traffic bridges crossing the Danube, the closest of which, Petőfi 
Bridge, is located 300 m north of the measurement site. Right below the balcony, roughly 30 
meters from the building, there is a fairly busy riverside road. There is also relatively heavy 
small boat traffic on the Danube itself. 
In addition to the V/H-TDMA system, supporting DMPS data from the Bp-Art platform, and 
meteorological data measured at the top of the university was used in the analysis. 
 
3.6. Operating modes and data quality 
 
For this campaign, the instrument was operated in the V/H-TDMA mode, meaning parallel 
measurements of hygroscopicity and volatility. Although the VH-TDMA mode, 
hygroscopicity and volatility in series, yields interesting information concerning the particle 
chemistry, it also means more complex data analysis. In this campaign the decision was made 
to measure using the V/H-TDMA mode, as this yielded a better time resolution, which is an 
important consideration in a rapidly transforming urban environment. 
Due to a fluctuating temperature in the measuring platform, and the resulting issues in 
humidity control with the H-TDMA, not all of the measurements were performed at the 90 % 
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RH, as is typically recommended for standardized measurement practices. The rapidly 
changing temperature in the measurement container could easily lead to a situation where 
condensation would start somewhere within the instrument, thus not only making the 
collected data worthless, but also endangering the risk of having to stop the measurements 
and drying the instrument. 
In order to avoid these issues, the humidification was done extremely carefully. After the 
temperature and humidity control was found to be stable enough to reach 90 % RH with the 
instrument, all the resulting measurements were performed at that humidity. If not otherwise 
mentioned, all hygroscopicity data presented here are from scans with RH 90±2%. 
 
Some challenges were also faced in maintaining the thermodenuder temperature constant, and 
therefore also some of the volatility data was measured at a different temperature. The data 
that is shown here is from thermodenuder temperature 270±10 °C. 
 
The raw output of the instrument is a combination of particle concentration measured by the 
CPC and voltage data from the DMA representing the different GF’s. This however contains 
all the errors caused be the double and triple charged particles, and the effects of the transfer 
function widening. In order to interpret the data properly, a data inversion algorithm is 
needed to deal with the double and triple charges, as explained previously.  
Besides these issues, the first DMA used for size selections is never completely identical in 
all of its parameters to the following DMA’s and therefore calibrations are performed, so that 
this discrepancy can be taken into account. The calibration consists of measuring solid 
particles in dry air, without exposing them to any treatment. This ensures that there is no 
change in the particle size between the DMAs, and any discrepancies in the GF’s are 
indications of differences between the DMAs. From these calibrations, one can get a 
correction factor which can be used to correct all subsequent measurements. Therefore, also 
the calibrations need to be done periodically to ensure that the potential changes in the offset 
are captured and can be corrected for. 
The resulting dataset was calibrated and corrected for using IGOR Pro software, and the 
TDMA-Inv package by Gysel et al. (2009), while the data analysis was done using MATLAB 
software. The TDMA-Inv package attempts to correct for all of the above mentioned issues 
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by shifting the distribution to match the calibrations, performing a data inversion to take into 
account the multiply charged particles, and the influence of the transfer function. 
The TDMA-Inv package takes the calibration measurement to build a kernel function, which 
it uses, along with the initial guesses based on fitting a linear piecewise function of 
predefined growth factors to the measurements to produce a reconstructed measured density 
function (MDF). The software then compares the reconstructed MDF to the original observed 
MDF, and by changing the parameters of the linear piecewise function it finds the closest 
matching reconstructed MDF to the original MDF. The linear piecewise function that 
produces the closest match, as measured by minimized χ2, is used as the most accurate 
probability density function describing the observed particle number size distribution. (Gysel 
et al., 2009). 
While the inversion process is quite robust, it is still vulnerable to errors if the resolution used 
is incorrect. With too high resolution, the inversion will fit non-existing variation even into a 
smooth single mode, while with too low resolution the inversion can convert a bimodal 
distribution into a single mode. The challenge is to find parameters that produce an inversion 
that has the maximum amount of information, while avoiding errors. (Gysel et al., 2009). 
 
4. Results and Discussion 
 
The measurements were performed in the winter of 2014-2015 in the center of Budapest, 
with the V/H-TDMA installed on a measurement platform on the balcony of the Eötvös 
Loránd University, next to the Danube River.  
Most of the measurement period consisted of mild weather, with an average temperature 
during the period of 2.7 ± 4 °C. No rain data were available for the campaign, but the 
conditions were generally quite moist with the average RH during the period at 84.4 ± 
13.4 %. Two colder periods occurred in the first weeks of January with temperatures 
below -5 °C.  
The wind generally came from one of two directions along the river. The prevailing direction 
was from the north, along the flow of the river, from around 300 °; the second most common 
direction was from the south against the river from around 150 °. No extreme wind 
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conditions were observed during the measurement period, with the average wind speed being 
1.89 ± 1.73 m/s. 
4.1. Observed hygroscopicity  
 
The results show that the aerosol in Budapest in highly externally mixed, with a clear 
bimodal growth factor distribution, as seen in Figure 5. The two separate GF modes were 
observed for all particle sizes. The extent of the mixing state of the aerosol was observed to 
be size dependent. The smallest, 20 nm particles, showed only little external mixing, and 
displayed primarily monomodal hygroscopic growth factor distributions. 
Due to the strong bimodality of the aerosol, we report here the two growth factors separately. 
One representing the less hygroscopic mode, and the other representing the more hygroscopic 
mode, as the average value would not represent either mode truthfully as illustrated by the 
black line in Figure 5.  
Figure 5. The upper plot is an example of the measured GF-PDF data, showing the bimodality of the 
recorded data. The data is for 145 nm particles at 90 ± 2 % RH, from 15th to 22nd of January 2015, 
respectively. The black line is the average GF of the entire distribution, the green line is for the 
average of the more hygroscopic mode and the red line is the average of the less hygroscopic mode. 
The lower plot shows the corresponding observed total particle number concentration. 
A natural break was observed in the data around GF 1.2, therefore this was used in 
classifying the modes. The first mode with GFs < 1.2 was classified to be the less 
hygroscopic mode, and the second, more hygroscopic mode, was determined to be GFs ≥ 1.2. 
The volatility growth factor will be referred to from here on as GFv, as opposed to GF for 
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hygroscopic growth factor. In the volatility measurement a natural break was also present and 
used in determining the borders of the two modes. The less-volatile mode was defined to be 
GFv > 0.8, and the volatile mode GFv ≤ 0.8. 
Figure 6. displays the derived average probability density functions of the hygroscopic and 
volatility GFs. For the smallest 20 nm particles, more than 85 % of all particles were in the 
non-hygroscopic mode, and showed only very little hygroscopic growth. This is likely due to 
the increasing strength of the Kelvin effect with smaller particle size, rather than a dramatic 
difference in chemistry between these and the larger particles, as the Kelvin effect is already 
2.6 times stronger for 20 nm particles than it is for 50 nm particles. (It should be noted that 
the GFs, unlike κ-values, are not corrected for the Kelvin effect, and therefore dependent on 
the particle size.) Further, the behavior of 20 and 50 nm particle channels in the DMPS was 
highly similar, indicating similar sinks and sources for these particles. 
 
Figure 6. Observed hygroscopic and volatility growth factors for the different sized particles. Size 
dependent bimodality was observed in both measurements. 
The hygroscopic GFs were seen to display size dependent behavior, with smaller particles 
having smaller GFs, as expected based on the Kelvin effect in the Köhler theory. Increase in 
the GFs of both the hygroscopic and less-hygroscopic mode with larger particle size was 
observed. Additionally, the percentage of particles in the hygroscopic mode was noted to 
increase with increasing particle size. Table 2 summarizes the hygroscopic and volatility 
growth factors, and the average percentage of particles in each mode. 
The size dependency was also present in the GFvs, with smaller particles being more volatile 
in both the volatile and less-volatile modes. However, the larger sizes had a larger fraction of 
volatile particles, so that on average the aerosol populations’ volatility increased with particle 
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size. Although shown in Figure 6, we do not consider the 20 nm particle volatility data in the 
analysis, as we could not reliably measure the lower end of the GFv range for these particles 
due to instrumental limitations. 
Table 2. Average GFs for both modes observed in the hygroscopicity and volatility measurements. 
“Hyg.” refers to the hygroscopic mode (GF ≥ 1.2), “Less-hyg.” to less-hygroscopic mode (GF < 1.2), 
“Vol.” to volatile mode (GFv ≤ 0.8) and “Less-vol.” to less-volatile mode (GFv > 0.8). 
Size [nm] 20 nm / SD 50 nm / SD 75 nm / SD 110 nm / SD 145 nm / SD 
Hyg. GF 1.255 0.058 1.281 0.031 1.323 0.032 1.353 0.038 1.372 0.042 
Hyg. % 14.4 % 16.5 % 44.9 % 18.9 % 56.5 % 17.1 % 59.9 % 14.9 % 63.1 % 12.7 % 
Less-hyg. 
GF 
1.016 0.023 1.033 0.026 1.044 0.022 1.066 0.017 1.076 0.015 
Less-hyg. 
% 85.6 % 16.5 % 55.1 % 18.9 % 43.5 % 17.1 % 40.1 % 14.9 % 36.9 % 12.7 % 
Vol. GF - - 0.490 0.047 0.524 0.038 0.541 0.036 0.541 0.039 
Vol. % - - 66.4 % 17.0 % 70.2 % 16.2 % 75.7 % 14.2 % 79.4 % 11.6 % 
Less-vol. 
GF 
- - 0.960 0.020 0.961 0.020 0.971 0.022 0.963 0.024 
Less-vol. 
% - - 33.6 % 17.0 % 29.8 % 16.2 % 24.3 % 14.2 % 20.6 % 11.6 % 
 
The observed hygroscopicity in Budapest was well in line with the results reported for urban 
areas in a review paper by Switlicki et al. (2008). Compared to the results in the review, our 
observations were slightly below the reported average GFs.  
The study by Laborde et al. (2013) found the importance of traffic on the observed growth 
factors to increase with decreasing particle size, which would seem to fit with our 
observations for the lower GF for smaller particles. Laborde et al. found also a constant 
influence of aged aerosol and continental background that showed up as particles with GF of 
1.6 at RH 90 %. In our results we did not observe as high average GFs as 1.6, as the 
hygroscopic mode GF was on average considerably lower, only around 1.3–1.4.  
However, there is reason to believe that the more hygroscopic mode observed here represents 
the continental background aerosol at this location. First of all, this mode was the most 
hygroscopic material we observed in our measurements. Second, the hygroscopicity of the 
mode varied inversely with total particle number concentration, so that when cleaner 
background air, typically containing the continental background, was present the more 
hygroscopic mode was observed to be stronger.  
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4.2. Diurnal cycle 
 
A strong diurnal pattern was observed in the hygroscopic properties of the aerosol. The 
diurnal pattern was present both in the number fraction of hygroscopic particles, as well as in 
the GF’s of both the hygroscopic and less-hygroscopic modes. The diurnal pattern was 
observed to differ significantly from rural measurements, e.g. from Hyytiälä (Ehn, et al. 
2007). The total particle number concentration recorded by the DMPS showed, as expected 
based on the location, that the diurnal cycles were heavily influenced by traffic. The observed 
cycle matched well with typical urban particle number concentration measurements for 
environments which have shown to be traffic dominated (Hussein et al., 2004, Hussein et al., 
2014). The impact of the traffic is also reflected in the weekday/weekend cycles caused by 
the daily rush hours, as shown in Figure 7. 
 
Figure 7. Diurnal total particle number concentration measured by the DMPS. The solid line 
indicated weekdays, while the dotted line indicates weekend days. 
The diurnal pattern for the particle number fraction in each mode is shown in Figure 8. For 
the fraction of more hygroscopic particles the diurnal cycle was observed to be as follows: 
starting from midnight, the more hygroscopic fraction was observed to be relatively high, and 
to keep growing until it reached it maximum value around 4 - 5 am. Around 6 am., the 
number fraction of more hygroscopic particles started to decrease, and reached its minimum 
around 9 am., coinciding with the morning rush hour. During the day, the fraction increased 
slightly before reaching a smaller local minimum around 6 pm, coinciding now with the 
afternoon rush hour. After this, the fraction increased steadily until the next morning. The 
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pattern was observed to be virtually the same for all particle sizes, except for the 20 nm 
particles, where no pattern could be detected due to very small amount of particles in the 
hygroscopic mode.
 
Figure 8. Mean diurnal pattern of the fraction of particles in the hygroscopic (left panel), and volatile 
(right panel) modes, respectively. 
The diurnal pattern was very similar for the number fraction of volatile particles as it was for 
the number fraction of hygroscopic particles, and both appeared to be strongly influenced by 
the traffic emissions. The diurnal GF pattern was observed to be similar to roadside 
measurements reported by Tiitta et al. (2010). 
The rush hours coincided quite closely to the sunrise and sunset, making the separation 
between potential effects of photochemistry and traffic emissions difficult. In order to further 
separate the two, the sun elevation angle was calculated for all measurement points, and 
plotted against Volume Fraction Remaining (VFR), which indicates the volume fraction of 
the measured particles before and after the thermal treatment. 
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Figure 9. VFR remaining for all particle sizes, colored with the Sun’s elevation angle. Coloring 
covers the range 0±18 degrees, the definitions of twilight. 
The resulting figure indicates that the diurnal cycle of the VFR, i.e. particle volatility, is not 
driven, at least entirely, by the photochemical processes, but is influenced also by something 
else, likely traffic. An increase in the VFR can be observed before twilight, and thus before 
the start of photochemistry. The second peak of the VFR occurs roughly during evening 
twilight and continues well beyond twilight and photochemistry ends. Furthermore, the 
highest peak is not associated with the highest sun angle as would be expected if 
photochemistry alone would be driving the processes, but rather corresponds to traffic peaks. 
The average hygroscopicity as measured by the κ parameter, κtot, has a quite similar pattern to 
the number fraction of hygroscopic particles, as shown in Figure 10. The pattern of κtot 
behavior was, however, quite different from those found in other studies of urban air. For 
instance, the results of Lance et al. (2013) have the smallest κ values in the morning hours 
around 5 am, whereas this is the time when we observed the highest κ values. The absolute 
values during this time are however roughly the same, as the overall hygroscopicity observed 
here was considerably lower when compared to Lance et al. They found the daily averages κ 
to be around 0.2, while here the daily averages ranged from 0.08 to 0.12. 
The diurnal pattern was also remarkably different from that found by Bialek et al. (2013) at 
an urban background measurement site in Po valley. Like Lance et al. (2013), Bialek et al. 
also observed the lowest hygroscopicity measurements in the early morning hours from 3 to 6 
am. The difference between the observations might be explained by the fact that the studies 
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by Lance et al. and Bialek et al. were not from strictly urban sites, but urban background 
sites, unlike the measurement location used here. 
 
Figure 10. Mean diurnal pattern of the κ’s for the particles in total, hygroscopic, and non-
hygroscopic modes, respectively. 
κtot is quite clearly a mixture of the two modes, incorporating the increase of κhygroscopic during 
the day, and the pattern of κhydrophobic, with an early morning maxima and two local minima 
corresponding to the typical rush hour peaks. 
The strength of the more hygroscopic mode was found to peak in the morning sometime 
before noon. During the night time, κhygroscopic appeared to be similar for all sizes, but during 
the daytime, a considerable difference between the different particle sizes appeared. For the 
75, 110, 145 nm particles, the diurnal pattern of κhygroscopic is fairly similar, with all having a 
single maximum around 9 am, and maintain a high level until around 5 pm. The κhygroscopic of 
the 50 nm particles on the other hand showed almost no diurnal variation. Due to the very 
small number of particles in the hygroscopic mode of the 20 nm particles, they are not shown 
here. 
When looking at κhydrophobic, the diurnal pattern follows the typical traffic pattern inversely. 
This pattern also resembles closely to that found by Kitamori et al. (2009) in an urban 
hygroscopicity study of Sapporo, Japan. The pattern suggests that the particles in the 
hygroscopic mode are likely to consist largely of traffic emissions. Also the magnitude of the 
non-volatile mode, and the magnitude of the less hygroscopic mode have a significant 
correlation (R2 > 0.5, p < 0.05) for the three largest particle sizes; the 50 nm particles are 
showed slightly poorer correlation. Although it cannot be ruled out that this is the impact of 
some other non-volatile, non-hygroscopic material, it is likely that the non-hygroscopic mode 
and the non-volatile mode consist of the same particles. 
31 
 
Both κtot and κhygroscopic were found to be slightly dependent on particle size, although the 
κ-parameter should eliminate the impact of particle size caused by the Kelvin effect. It thus 
might be that the different sized particles have in fact differing chemical composition, which 
causes the variation in their hygroscopicity. The κhydrophobic showed virtually no size 
dependency, which would suggest that the composition of the less-hygroscopic mode is more 
homogenous than the hygroscopic mode, at least from a hygroscopicity point of view.  
When comparing the results to other urban studies (Tiitta et al. 2010, Kitamori et al., 2009) 
and to rural sites (Fors et al., 2011, Ehn et al., 2007), it would appear that air in Budapest is 
heavily influenced by traffic emissions. The κhygroscopic matches well to the pattern of rural 
sites, with a photochemistry driven higher daily hygroscopicity. The pattern of κhydrophobic, on 
the other hand, matches well with heavily traffic influenced sites, where lower hygroscopicity 
is seen during rush hours. The observed hygroscopicity parameter is also very well in line 
with the findings of Tritscher et al. (2011) who studied the hygroscopicity of fresh and aged 
particles from a diesel engine. The resulting overall hygroscopicity appears to be a 
combination of the behavior of both modes. 
 
4.3. Week – Weekday variability 
 
During the weekends, there is less traffic and it is less concentrated around the typical rush 
hours. The weekends thus provide an excellent point for studying the overall influence of 
traffic. It was observed that the traffic dominated the total particle number concentration, 
during rush hours. In the morning rush hour, the particle number concentrations were around 
three times higher on weekdays than on weekend. The separation was smaller during the 
afternoon rush hour, the total particle number concentration being only around 40 % higher, 
during the weekdays.  
Besides the total particle number concentration, the hygroscopicity of the different modes 
was affected by this cycle. During the morning rush hours on weekdays, there was a 
considerably larger drop (Δκ ~ 0.01) in the hygroscopicity of the 50 and 75 nm particles in 
the less hygroscopic mode, as shown in Figure 11. The traffic influence was also reflected in 
the number fraction of particles in the volatile mode, where the morning and evening rush 
hours caused a clear depression compared to the weekends. The separation in the more 
volatile more was not obvious, with similar overall levels of hygroscopicity.  
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Figure 11. Differences in the diurnal hygrsocopicity and volatility patterns of the weekend/weekday 
cycle. All three plots have shared legends. 
For the more hygroscopic mode, there was only a distinction during the morning rush hour, 
where the 75, 110 and 145 nm particles showed considerably larger κ values during the 
weekends. 
 
4.4. Observed volatility  
 
Due to the strong external mixing of the aerosol, the volatility properties were also studied by 
looking at the non-volatile and the volatile modes separately. The non-volatile mode showed 
a very clear, but small in magnitude, diurnal cycle, as shown in Figure 12. The cycle 
corresponds well with the typical traffic pattern, with a strong peak in the early morning 
around 7 to 8 am., and a second peak around 5 pm. The volatile mode was observed to 
steadily becoming less volatile throughout the day, but was overall very stable without a clear 
diurnal pattern. 
For the 110 and 145 nm particles, their volatile modes were observed to behave virtually 
identically, while their nonvolatile modes were observed to differ somewhat. The non-
volatile mode of the smallest particles (50 and 75 nm) was observed to be more volatile and 
having a lesser variation that those of the larger (110 and 145 nm) particles.  
The 110 nm particles non-volatile mode also appeared to be constantly slightly less volatile 
than that of the 145 nm particles. The 110 nm particle shrunk the least with respect to their 
size, indicating that they had the thinnest coating of volatile materials. 
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Figure 12. Mean diurnal pattern of the volatility-GF of particles in the volatile (left panel) and non-
volatile (right panel) modes, respectively. 
It should be also noted that for the non-volatile mode, the variation in the volatility seemed to 
depend on the particle size. The smaller particles were more consistently non-volatile, while 
the larger particles could be either more or less volatile than the smaller particles, depending 
on the time of day.  
Increase in the total particle mass is usually associated with an increase in the particle 
volatility, due to the fact that the larger particles, which have grown by condensation of 
organic compounds, usually dominate the mass distribution. Here, however, the VFR did not 
correlate with the total particle total mass, opposite what was expected given that the large, 
aged, particles are typically also highly volatile. It appeared that these cases are masked by 
polluted conditions, where the particle total mass increases considerably due to very large 
numbers of smaller particles, and thus the VFR stays low. The impact of the aged particles 
was visible, when the VFR was plotted against the mean particle diameter, shown in Figure 
13, as here the particle total concentration does not affect the results, but the shape of the 
particle size distribution is more important.   
34 
 
 
Figure 13. The left panel displays the total VFR plotted against average GF of both modes, and the 
right panel shows the total VFR against average particle size determined from the DMPS data.  
It was also noted that the VFR and GF had a strong correlation. This suggest that it is likely 
that the same particles are behind the increase in both the volatility and the GF, and they 
would appear to be associated with the aged continental background aerosol. 
 
4.5. In-modal variability 
 
Deeper analysis of the data shows that besides the apparent bimodality of the data, there is in 
fact some variation also within the individual modes. Figure 14, shows the in-mode 
variability in the diurnal cycle. The variation is most pronounced in the calculated κ values, 
where especially the more hygroscopic mode shows visible intermodal variation.  
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Figure 14. Averaged diurnal κ and volatility PDF distributions for 50, 75, 110, and 145 nm particles. 
The negative κ values are an artefact of plotting the data in a more readable format. The accurate 
version of the plot can be found in the Appendix A. 
The less-hygroscopic mode is shown to be a mixture of hydrophobic particles (κ<0.05) and 
nearly hydrophobic particles (κ~0.05). It is likely that the hydrophobic particles are mostly 
the same as the traffic emissions, as they match the bimodal behavior and the timing of traffic 
emissions. The nearly hydrophobic particles on the other hand are something else, likely aged 
traffic emissions, as they are present especially for the larger particle sizes throughout the 
day, but still show considerably low hygroscopicity. 
 
For the hygroscopic mode, the division of the more hygroscopic mode into sub-modes was 
less clear. The hygroscopicity of the mode was clearly size dependent, and showed diurnal 
variation, but the distinction within the mode was not straightforward. This was also the case 
for the volatility growth factors, where no such intermodal variation was found. The behavior 
of the volatility distribution appears to be better explained by simply the two modes (volatile 
and non-volatile), where the diurnal variation is mostly explained by a constant background 
of volatile particles and the varying non-volatile traffic emission. 
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4.6. Wind influence 
 
It was noted that the wind blew primarily along the river, either from the north-east 
around 300 °, or from the south around 150 °. Despite the city center being located north of 
the measurement site, cleaner air (lower total particle number concentration) typically came 
from the north. The south part of the city seems to have more industrial activities, which 
could explain the observations. 
The particle formation and growth processes are strongly influenced by the conditions of the 
planetary boundary layer. The boundary layer is the layer closest to the Earth that can be 
assumed to be effectively mixed, due to turbulence. The depth of the boundary layer usually 
varies from few hundred meters to two kilometers. Higher winds speeds often bring cleaner 
air in the urban areas, and in effect lower the particle number concentration in the urban 
boundary layer. Increased winds speeds also clean the air by transporting the local emission 
away quickly, and mixing the air more effectively. (Barlow, 2014).  
A connection between wind speed and particle hygroscopicity and volatility was noted. The 
average hygroscopicity as measured by κ or by GF did not significantly vary with wind 
speed, rather, the changes were observed in the two modes making up the aerosol.  
The less hygroscopic mode did not show a significant change with a change in the wind 
speed, while the more hygroscopic mode did. The response of the more hygroscopic mode 
was size dependent with the 50 nm particles showing lower GFs with increasing wind speeds, 
while the 75, 110 and 145 nm particles showed higher GFs. The 50 and 145 nm particles in 
the more hygroscopic mode showed a - 3 % and 6 % changes in the GFs, respectively, when 
the wind speed increased from 0 to 9 m/s. 
The less volatile mode showed a small, but consistent trend of becoming even less volatile 
with increasing wind speeds. Although, the absolute changes in the GF were small (~0.01, 
from 0 to 9 m/s), as these particles were already very poorly volatile, this corresponded to a 
decrease in the remaining volatility of about 20 to 40 %. The opposite phenomenon was 
observed for the more volatile fractions, whereby an increase in the particle volatility was 
observed with increasing wind speeds.  
These opposite responses of the two modes to increasing wind speeds partially offset each 
other when looking at the average GFv. A way to visualize this behavior is to look at the 
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difference between the GFs of the two modes, as shown in Figure 15, in which the separation 
of the modes is shown to become larger with increasing wind speeds. This observation 
suggests that as the wind speed increases, there is an influx of more aged particles which 
increases the hygroscopicity of the more hygroscopic mode, while simultaneously the local 
emissions are also transported away, so that that only the fresh, very poorly hygroscopic 
particles are present in the less hygroscopic mode.  
 
Figure 15. The difference in GF between the two observed modes, as a function of wind speed. The 
first plot depicts the hygroscopic GFs, while the second plot depicts volatility GFs. The different 
colors indicate different particle sizes. 
The relation of the volatility mode separation with wind speed appears to hold fairly well for 
all particle sizes. On the humidified side, the 50 nm particles seem to deviate from the general 
trend, while the 145, 110 and 75 nm particles continue to deviate with increasing wind speed. 
For all but the 50 nm particles, the more hygroscopic mode becomes increasingly 
hygroscopic, while the less hygroscopic mode stays virtually the same. The discrepancy of 
the 50 nm particles is due to both modes approaching each other, i.e. the composition of the 
50 nm particle modes appeared to become more homogeneous with increasing wind speed. 
The increased deviation between the growth factors of the modes indicates a more strongly 
externally mixed aerosol with increasing wind speed. It does not tell anything about the 
extent that the aerosol is externally mixed, but only that the separation of the two modes is 
larger with windy conditions. The extent of the mixture, is given by the fraction of the 
particles within each mode, which was not observed to vary significantly with wind speed. 
The poor correlation between the wind speed and fraction of hygroscopic particles suggests 
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that other factors besides wind speed determine the amount of particles in either mode. The 
strong diurnal pattern seen in the fraction of volatile and hygroscopic particles imply that the 
traffic is likely key factor for controlling the number fraction of particles in each mode. 
 
4.7. Problems experienced  
 
The H-TDMA is a sensitive instrument with regards to variations in temperature. Despite the 
tuned PID-controllers maintaining constant relative humidity within the instrument, rapid 
variation in the room temperature can cause severe problems that will lead to condensation of 
water vapor within the instrument. The problems become more evident in field 
measurements, such as this, where the measurements are performed in an environment with a 
fluctuating ambient temperature. The measurement platform used here, contained several 
instruments, and pumps that generated a considerable heat load. The temperature varied 
considerably throughout the campaign, occasionally requiring air-conditioning and 
occasionally excess heating. This made the maintenance of stable RH very demanding and it 
took a considerable time to reach steady conditions after each break. 
Besides the issues in RH control, we quickly observed an issue whereby the thermodenuder 
was not able to maintain the set temperature for a long time period. In order to avoid this 
problem, we lowered the original set point from 290 °C to 190 °C. However, this also did not 
work as the problem persisted. We also found that after resetting the system, the 
thermodenuder operated as set for a given time. We thus raised to temperature to 270 °C, and 
simply sorted to resetting the system every so often.  
Due to these breaks, and the need to perform calibration measurements every so often, none 
of the new particle formation events observed by the DMPS were successfully measured. The 
new particle formation events would have provided an interesting point of comparison for the 
traffic emissions, and thus it is unfortunate that the few events that were observed coincided 
with the periods when the V/H-TDMA was not operational.  
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5. Summary and Conclusions 
 
Hygroscopicity and volatility measurements were performed in Budapest from December 
2014 to early February 2015, using a V/H-TDMA instrument. The overall observed 
hygroscopicity was relatively low in Budapest, compared to other urban studies; the results of 
this study were well in line with, but generally on the low side of previous measurement 
campaigns. Furthermore, unlike in many other previous urban studies, the aerosol sampled 
here was clearly bimodal with respect to both hygroscopicity and volatility, with no third 
mode present. 
The larger particles were found to be associated with larger fractions of particles in the more 
hygroscopic and more volatile modes. The more hygroscopic and less hygroscopic modes 
appeared to have two separate origins. The first mode, associated with low GF and high GFv, 
consisted of fresh aerosols, with a local source, while the other mode, associated with higher 
GF and low GFv, consisted of more aged aerosol and appeared to be the regional background. 
Anthropogenic activities, and especially traffic, were found to play a very 
dominating/influential role for the atmospheric aerosol population in Budapest. In the diurnal 
cycle, a large influx of particles was observed daily. This influx was most likely the impact of 
traffic emissions, and it lowered the overall hygroscopicity of the aerosol population 
considerably.  
The atmospheric aerosol population in Budapest is affected strongly, besides regional 
transport, by significant local sources. The relative magnitude of these processes varies 
diurnally, and is influenced by meteorological conditions. This study covers only data from 
winter months and therefore no information about the annual cycle was obtained from these 
results. 
The non-hygroscopic mode was determined to be made up of mostly of the same particles as 
the non-volatile mode. These particles had a local source, as determined by a strong 
correlation with the typical traffic rush hour and weekday/weekend patterns. The local origin 
was further supported by the correlation with low winds speeds, indicating that in calm 
conditions with little mixing, this mode grew to be more prevalent in terms of number 
fraction. 
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The other mode was found to be more hygroscopic, and this mode was also determined to be 
at least partially same as the more volatile mode. The behavior this mode was not influenced 
by traffic patterns, and had more correlation with the amount of sunlight. This mode was 
likely composed of more aged aerosol representing the regional background. 
The number fraction in each mode was also dependent on the particle size. The smaller the 
particle size, the larger number fraction of the particles were in the fresh mode, i.e. were non-
hygroscopic and non-volatile. With increasing particle size, also the fraction of the aged 
mode grew. This meant that the composition of the aerosol was observed to be somewhat size 
dependent. Further, it was seen in the κhygroscopic that also the composition of the particles in 
the more hygroscopic mode was size dependent, and the hygroscopicity increased with 
increasing particles size. The composition of the less hygroscopic mode appeared to be less 
size dependent. The use of κ-theory shows, that the change in the hygroscopicity was in fact 
driven by chemistry and not particle size.  
The wind was found to also affect the aerosol population at Budapest. With increasing wind 
speeds, there were not large changes in the average hygroscopic, but the increased wind 
speeds made the aerosol population more polarized. For all but the 50 nm particles, the 
separation of the bimodality grew with increasing wind speeds.  
This work has characterized the hygroscopic and volatile properties of atmospheric aerosol 
present in wintertime Budapest. The results showed that the average hygroscopicity was 
slightly lower in Budapest than found in other urban hygroscopicity studies around Europe. 
The discrepancy is likely a combination of the environment characteristic to Budapest and the 
region in general, but also the location of the measurement site in the very heart of the city. 
To fully take advantage of the information gathered and presented year, a summertime 
camping of the same location should be conducted which would capture the annual variation 
and therefore produce a more comprehensive picture of the conditions at Budapest. 
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Appendix A 
 
Figure 14b. The same data is plotted here as is in Fig. 14 but here no interpolation was used. 
From this plot it is visible that no negative κ values were actually observed, unlike the 
original Fig 14 would indicate. This compromise was done to improve the readability of the 
plot. 
